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1. Physical Propert ies  of Cryogenic Fluids 

1 .0  General  Comments 

Personnel  contributing during this  period were  D. E. Dil ler ,  

W.  J .  Hall, L. A. Weber, and B. A .  Younglove. 

1.1 Parahydrogen 

1 .1 .1  Dielectric Measurements on Solid Parahydrogen 

and Melting P r e s s u r e s  of Parahydrogen 

Prel iminary data on the dielectric constant fo r  

solid parahydrogen, consisting of eight measurements  between 15.0 % 

and 16.4%, show good internal precision. They average about 0.870 

below calculated values based on the Clausius-Mossotti equation and 

extrapolated values of the dielectric constant and polarizability f r o m  

J .  W.  Stewart 's  work on liquid parahydrogen. Fur ther  measurements  

will  t es t  fo r  reproducibility of these measurements  and will be extended 

to  other  tempera tures .  

About 25 p res su res  on the melting curve of para-  

hydrogen have been measured and compared to  values calculated f r o m  

R.  D. Goodwin's equation. Excellent agreement is obtained in the 

tempera ture  range 15.8% to 17.8"K, the la t ter  temperature  being 

the highest taken in this  tes t .  

fall below those calculated, this  difference becoming l a rge r  as the t r ip le  

point tempera ture  is approached and amounting to  more  than 1.570 in 

p r e s s u r e .  

triple point temperature  as a parameter .  

curve  will  be taken, especially at t empera tures  above 17.8"K and be-  

Below 15.8"K the measured p r e s s u r e s  

These data will be fitted to  the Simon equation using the . 

Additional data on the melting 

low 15.8"K. 

1 .1 .2  Refractive Index Measurements  on Gaseous Hydrogen 

Refractive index measurements  on normal  hydrogen 

1 



3 
a t  2 9 8 ° K  and low densit ies (P 5 0.01  g / c m  ) have been completed. 

surements  on normal  hydrogen at 98°K and on parahydrogen a t  100°K 

and at somewhat higher densit ies ( P  5 0 . 0 4  g / c m  ) are now being made.  

F r o m  comparisons of the tempera ture ,  density and composition depen- 

dence of the Lorentz -Lorenz function, the following tentative inferences 

may be drawn: 

Mea- 

3 

1) The polarizability of normal  hydrogen is about 0.1% 

smal le r  a t  98°K than a t  298°K. 

2) The density dependence of L - L  f o r  normal  and pa ra -  

Both hydrogen is very similar at 98°K and low densi t ies .  

show an initial increase  with density of about 5 par t s  in 

10,000. 

Densities of normal  hydrogen at 9 8 ° K  measured  by 

Michels et al. differ f rom those compiled by Wooley, Scott, 

and Brickwedde by up to  0.470. 

the measurements  of L-L fo r  normal  and parahydrogen 

and on expectations f rom theory,  the la t te r  (WSB) appear  

to be much more  co r rec t .  

Based on a comparison of 

3) The density of normal  hydrogen a t  98°K is about 

0.1570 smal le r  than that of parahydrogen. This inference 

i s  based on the measured  difference in L-L ( 0 .  370) and on 

the polarizability difference ( 0 .  1570) obtained f r o m  the 

l i terature .  

We plan to make measurements  on parahydrogen 
3 next a t  35°K and densit ies up to  0 .08  g / c m  . 

sity range obtained so f a r .  

This will double the den- 

1 . 1 . 3  TAB Code 

The final report  on the TAB codes is in preparat ion.  

It will be issued a s  a special  report  as soon a s  possible.  

2 



1 .2  Oxygen 

1 . 2 . 1  P-V-T Measurements on Oxygen 

Data-taking has been completed, with the possible 

exception of a few supplemental runs to  determine behavior in cer ta in  

specific regions, such as the region close to  saturation, o r  the c r i t i ca l  

region. 

region 56"-300°K and p res su res  to 330 atm. 

W e  now have approximately 1500 P-V-T data points in the 

Very precise  measurements  of the melting curve 

were  made at p re s su res  up to 160 a tm and were  found to be in excellent 

agreement with the l e s s  precise  data of Mills and Grilly [l], which 

extend to  3500 atm. 

a n  independent determination of the tr iple point temperature ,  which 

was found to  be 54.350 O K .  

very good agreement with the curve given by R. B. Stewart [2]. 

efforts involve fitting all the data with analytic curves for  the purpose 

of smoothing and interpolation. 

Application of the Simon melting equation allowed 

The vapor p re s su re  measurements  are in 
8 

Present  

No fur ther  reports  on properties of oxygen will 

appear in this  s e r i e s ,  since support f rom the present contract ceased 

on October 31, 1966. This work will be ca r r i ed  on under NASA-OART 

Contract No. R-06-006-046, NBS Project  3150445, and will be reported 

elsewhere.  

specific heats and preparation of detailed tables and char t s  of derived 

thermofunctions. 

1 .3  

Future  work will include calor imetr ic  measurements  of 

Thermodynamic Property Charts  of Saturated Liquid Parahydrogen 

In response to a specific request by the sponsor,  a set  of six 

multi-colored 20" x 30" temperature-entropy diagrams was developed 

[lJ Mills,  R. L. , and E. R. Grilly, Physical Review 99, 2 ,  400 (1955). 

[2] Stewart, R. B . ,  Thesis ,  The Thermodynamic Proper t ies  of Oxygen 
- 

Dept. of Mechanical Engineering, U.  of Iowa, (June 1966). 

3 



covering the temperature  range of 29 .2"R to 42. 5"R with p r e s s u r e s  to  

100 psia and mixtures  of the liquid and vapor phases to 0 .003 quality 

(roughly 25 volume percent vapor).  These char t s  should be useful t o  

the pump designer,  fo r  f lowmeter analysis ,  and in bubble chamber  

work. 

units was used. 

shown in figure 1. 

To achieve greatest  utility, the engineering (Bri t ish)  sys tem of 

The range and relative location of these diagrams a r e  

The char t s  and accompanying report  may be obtained f rom the 

Cryogenic Data Center - identified as ' 'Thermodynamic Proper ty  Char t s  

of Saturated Liquid Parahydrogen in Brit ish Units" by R. D.  McCarty 

and H .  M. Roder - NBS Report 9263 (November 1966). 

1 
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2. Crvoeenic Metroloev (Instrumentation) 

2 . 0  General Comments 

Personnel contributing to  the activities during this  period 

were  S. B.  Lang, J .  W.  Dean, and R. J .  Richards.  

2 . 1  Temperature 

2 .1 .1  Expe rimental  Pyroelectr ic  Studies 

The experimentation has  been completed and the 

The final report  on this work is in p r e s s .  p rog res s  report  writ ten.  

2 . 2  P r e  s su re  

2 . 2 . 1  Piezoresis t ive Effects in Mater ia ls  

The experimentation of this  work is completed and 

the final report  has  been writ ten.  This final report  is in p r e s s .  

6 



3. Consultation and Advisory Services  

3 . 0  General  Comments 

Consultation and advisory serv ices  in the general  f ield of 

cryogenic engineering have continued in seve ra l  NASA program areas: 

Centaur (funded separately) ,  Rover, and NERVA. 

3 . 1  Centaur P rogram - Robert Arnett  

Contact with NASA-Lewis Research  Center personnel has  been 

frequent.  One t r i p  to  Cleveland-LeRC was made during this  period. 

3 . 1 . 1  Stratification and P r e s s u r  iz a t  ion 

Manual check out of the various subroutines has  

been completed and the subroutines combined into a complete computer 

program.  Calculations a r e  in progress  covering a range of ullage vol- 

u m e s  and heat fluxes. 

p rogram,  and typical resu l t s  is in  process  and will be available in 

Februa ry  1967 a s  NBS Report 9266, "Mathematical Analysis of Thermal  

Stratification and Self Pressurizat ion in a Closed Container. 

will  be available upon request.  

A report  covering the analysis ,  computer 

Copies 

3 . 1 . 2  Flight Data Analysis 

Flight Data tapes of the AC-9 launch f r o m  the Tel-I1 

and P re to r i a  stations have been received and reduced to  graphical fo rm.  

Complete analysis of the data is delayed pending the receipt of data types 

f r o m  other down range stations. 

3. 1 . 3  Helium Facility Study 

Pre l iminary  plans have been formulated to inspect. 

and evaluate the helium recovery system at pads 36A and 36B, Cape 

Kennedy. 

n e a r  future.  

3 . 2  Rover P rogram - Alan F. Schmidt 

A trip to  the Cape to  initiate this  work is anticipated in the 

Information pertaining to the selection and use  of epoxy-based 

cryogenic adhesives and hydrocarbon analysis of a hydrogen gas  s t r e a m  

was  submitted to  the CMF-9 group a t  Los Alamos. 
7 



3 . 3  NERVA P r o g r a m  - Alan F. Schmidt, Daniel H. Weitzel 

A meeting with personnel f r o m  SNPO-C, General  Dynamics, 

Aerojet-General,  and Westinghouse Astronuclear  was attended in F o r t  

Worth, Texas on October 6 for  the purpose of discussing the rma l  con- 

ductivity test project  plans , tes t  specifications, and experiment e r r o r  

analysis;  tentative work schedules were  reviewed a t  this  t ime.  Subse- 

quently, modifications made in other a r e a s  of the radiation effects 

program have permitted an increased the rma l  conductivity effort fo r  

the next eight months. 

on December 19 to lay ground work for  the revised program and for  

another conference in January ,  1967; Weitzel attended this  Cleveland 

meeting. 

As a resu l t ,  a meeting was called in Cleveland 

On October 24-26, NASA Contract R-45 program planning and 

project reviews were  presented to  Dr .  Landon Nichols, the NASA (SNPO) 

technical monitor. In the course  of discussing a new t a sk  concerning 

the determination of explosive charac te r i s t ics  of liquid hydrogen con- 

taining a i r  a s  a contaminant, interest  was renewed once again in a 

related topic of explosions involving i r rad ia ted  cryogens.  

accumulation of information has  been achieved in this  a r e a  with the 

problem being signalled fo r  continuing attention in the testing and use  

of nuclear reac tors .  

A general  



4. Cryogenic Flow Processes  

4.0 General  Comments 

Personnel  contributing to the project during the present report-  

ing period were  W. G. Steward, E. G. Brentar i ,  and J .  A. Brennan. 

4 . 1  Analysis of Transfer  Line Cooldown 

An example of a computed p res su re  his tory for  the first 1 . 4  

seconds is shown in figure 2 along with a corresponding experimental  

curve.  The calculated peak of 130 psia is fo r  a n  inlet t empera ture ,  T 

of 20.5"K; however, with all other variables fixed, T. 

duced 180 psia ,  and T 

Thus, a variation in the specified inlet liquid tempera ture  of only 1. 4°K 

produced an  80 psi  change in computed peak p r e s s u r e .  This unexpected 

s t rong dependence on T 

sible explanation of the large variation of experimental  peak p res su res  

at supposedly the same operating conditions, since a n  inlet temperature  

variation of one o r  two degrees  could have been present but not detected 

by the present instrumentation. Therefore,  a much m o r e  sensitive 

germanium resis tance thermometer  will be used in future  experiments 

t o  t e s t  the effect of small inlet temperature  changes. 

is not present  a t  higher saturation tempera tures .  

in' 
of 19.6"K pro-  in 

of 21°K produced 100 psia peak p res su res .  in 

near  the atmospheric boiling point is a pos- in 

The sensitivity 

The computation proceeds satisfactorily as long as the t ime  

increment  is kept small in the finite difference scheme.  

f o r t y  t ime increments  of 0.01 seconds each were  needed to produce the 

1 . 4  seconds of flow t ime shown in figure 2 . This required 20 minutes 

on the CDC 3600 computer.  

f o r  a 70-second cooldown would be quite impract ical ;  therefore ,  the 

ma jo r  effort at  present is to  speed up the computation of the final s tages  

of c ooldown . 

One hundred 

To continue such meticulous computation 

9 
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. 
A paper entitled "Cooldown Time for  Simple Cryogenic Pipe-  

lines" has  been prepared.  

estimating cooldown t ime f o r  long, well insulated pipelines by use of 

the graph of figure 3. Some of the calculated and experimental  cool- 

down t imes  a r e  compared in figures 4, 5 ,  and 6.  

t o  submit the paper for  the 10th Midwestern Mechanics Conference, 

August 1967. In figure 3: 

This paper presents  an easy method of 

The authors intend 

t = cooldown time 

U = speed of sound in the ambient temperature  gas 

L = total  length of pipe 

D = inside diameter of pipe 

f = Blasius friction factor  for  the discharge gas ,  

6 

- 

averaged over the process  

- - 
W 

Ah 

P - - 
W 

enthalpy drop of the pipe mater ia l  

density of the pipe mater ia l  

pipe solid c ros s  -sectional a r e a  

liquid enthalpy r i s e  f rom the liquid inlet t emper-  

a ture  to saturation at  the inlet p re s su re  

liquid density 

flow cross-sect ional  a r e a  

gas density a t  ambient temperature ,  inlet p re s su re  

tot = total  fluid enthalpy r i s e  f rom saturated liquid to Ah 

ambient gas 

4 .2  Experimental  

Experimental  resul ts  obtained f rom t e s t s  with the 3/4- in .  0. D. 

by 200-ft long t ransfer  line were summarized and reported in NBS 

Report  9264 entitled "An Experimental Report on Cooldown of Cryogenic 

11 
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Transfer  Lines" by Brennan, Brentar i ,  Smith, and Steward. This 

report  is available and will be furnished upon request.  

Results of the subcooled liquid nitrogen t e s t s  with sho r t e r  line 

lengths with and without end restr ic t ions r e fe r r ed  to in the las t  report  

a r e  shown in f igures 7 through 12. 

is shown as a function of t r ans fe r  line length with driving p r e s s u r e  and 

end restriction a s  pa rame te r s .  F igures  11 and 12 show cooldown t ime 

as a function of driving p r e s s u r e  with line length and end restr ic t ion as 

pa rame te r s .  

In f igures  7 to  10 peak line p r e s s u r e  

The sca t te r  in the peak line p re s su re  was comparable to  that 

obtained in  ear l ie r  experiments with the 200-ft line. 

plus the fact that only two o r  th ree  runs were  made at each condition 

makes any generalization r isky but the data should be useful f o r  com-  

par isons with analytical predictions.  

Scat ter  in the data 

Cooldown t imes  were  m o r e  reproducible, but a t  low driving 

p r e s s u r e s  the actual t ime of cooldown was difficult to  define. 

line temperature  and inlet flow ra te  were analyzed and the best  es t imate  

of actual cooldown is shown in the f igures .  

Both 

The 3 /4- in .  O . D .  line has  been removed and the 1/4- in .  O . D .  

In addition, some major  changes s ta inless  steel  line is being installed. 

a r e  being made in the instrumentation in an  effort to  improve the accu- 

racy and reproducibility of the data.  

the new line can be s ta r ted  during the next reporting period. 

It is hoped that some  testing on 

14 
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5. Cryogenic Propellant Venting under Low P r e s s u r e  Conditions 

5.0 General  Comments 

Personnel  contributing during this  period were  M. C. Jones 

and P. J .  Giarratano. 

5 . 1  P r o j  ec t Ob j ect  ive s 

The goals of this  project a r e  three-fold: 

( 1) To measure  heat t ransfer  coefficients of solid-vapor 

mixtures  of hydrogen o r  nitrogen flowing in a long 

straight tube below the t r ip le  point. 

To determine the effect of variable quality at the inlet 

of the tube. 

To determine the lower l imit  of heat flux required to  

maintain free-flow of the solid-vapor cryogenic fluid. 

(2) 

( 3 )  

An analytical study to  interpret  the above is a l so  underway. 

Accomplishments During Current  Reporting Period and Status 

of Project  

5 . 2  

NBS Report 9262 presents  prel iminary resul ts  of heat t r ans fe r  

At this  t ime a l l  experi-  measurements  using nitrogen as the tes t  fluid. 

mental  measurements  have been completed fo r  nitrogen and the t e s t  

apparatus is being prepared fo r  s imilar  measurements  using hydrogen 

as  the cryogenic fluid. 

. 

2 1  



6. Cryogenic Proper t ies  of Solids 

6 . 1  Thermal  Conductivity 

6 . 1 . 1  General Comments 

The objectives of this  project a r e  to  determine the 

the rma l  conductivities of severa l  aerospace alloys and standard refer- 

ence mater ia l s  f rom liquid helium tempera ture  to  above 120°K. The 

f i r s t  mater ia l  to  be measured  will be Titanium-5At-2. 5 Sn. Other 

commerc ia l  alloys to  be considered a r e  Inconel-718, Steel  A-286, 

Inconel-X and other alloys of interest  to  the NERVA I1 program. 

The basic measurement  method used by R.  L. 

Powell, e t  al .  [l] in previous work at this  laboratory will  be main-  

tained. 

temperature  a t  eight locations spaced one inch apar t  along a cylin- 

dr ica l  sample.  

determined f r o m  the electr ical  power dissipated in a res is tance hea ter .  

The sample will be vacuum insulated and radiation shielded. Also, 

considerable attention has  been given to  the elimination of heat loss  

along the leads connected to  the sample.  

This is an  absolute method consisting of the measurement  of 

The heat flow is along the axis of the cylinder and is 

Personnel  contributing during this  per iod were  

J .  G. Hust, D. H. Weitzel, R .  L .  Powell, and N.  C. Winchester.  

6 . 1 . 2  P rogram Status 

The mechanical sys tem consisting of cryostat  , 

pumps, and t ransfer  line has  been assembled  and cold tes ted .  The 

instkument panel rack i s  essentially complete with wiring f r o m  the 

te rmina l  box t o  the instruments  and switches and has  been checked 

[ l ]  Powell, R.  L. , W .  M. Rogers ,  and D. 0. Coffin, An Apparatus 

fo r  Measurement of Thermal  Conductivity of Solids a t  Low Tempera tures  , 
J .  Res .  NBS 59, 349-55 (1957), Research  Pape r  2805. - 
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f o r  continuity. 

sample holder has  been fabricated,  wired and checked. 

pletion of the sample holder wiring,D. H. Weitzel has  t r ans fe r r ed  to  

another project and J .  G. Hust has  assumed full t ime duties on th i s  

project.  

A detailed wiring diagram is given in figure 13. The 

With the com- 

The sample holder is i l lustrated in f igure 14. 

The Titanium alloy sample has  been fabricated and 

the spacing and dimensions of the thermocouple holder groves have been 

carefully determined. 

Measurements  can begin a f te r  the following work is 

done. 

60% complete. 

ple and the sample mounted into the sample holder.  

wiring will  be rechecked before the vacuum sys tem is closed f o r  cold 

checking. 

and low tempera tures .  

The sample holder is being wired into the sys tem and is about 

The thermocouple holders must  be mounted on the sam- 

The ent i re  sys tem 

The apparatus then will be tes ted both at room tempera ture  

The tempera ture  regulator f o r  the oi l  bath containing 

the standard r e s i s to r s  has  been checked and is considered t o  be marginal  

if not inadequate. 

solid s ta te  switch unit similar to that being used by L. L. Sparks in 

the thermocouple calibration apparatus .  This regulator a l so  has  been 

monitored for  severa l  hours  and it regulates the t empera tu re  to  within 

0 .01"C.  

It has  been decided to  replace this  regulator with a 

During the next reporting period the above s teps  will 

be completed and it is anticipated that measurements  on Ti-5At-2.  5 Sn 

a t  liquid nitrogen tempera tures  will be s ta r ted .  

6 . 2  Thermocouple Thermometry 

6 . 2 . 1  General Comments 

The immediate goal of the the rmomet ry  project is to  

furnish precision thermocouple calibrations for  the t h e r m a l  conductivity 

and thermal  expansion work now in p rogres s .  Both groups a r e  using 

24 
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the relatively new and uncalibrated gold-iron thermocouple wire .  

bration of all commonly used low tempera ture  thermocouple mater ia l s  

is continuing. 

and eventually result in national standards fo r  low tempera ture  thermo-  

couples. 

s t ructed to  allow calibration of other  types of thermometers  in the 

future.  

Cali-  

The resu l t s  will be used to establish calibration tables 

A versati le calibration sys tem has  been designed and con- 

Personnel  contributing during this period were  

L. L. Sparks and R. L. Powell. 

6 . 2 . 2  P r o g r a m  Status 

The instrumentation f o r  the thermocouple C a l i -  

bration apparatus is complete with the exception of the hea ter  control ler  

and the germanium resis tance thermometer  cur ren t  supply. These units 

a r e  being supplied by the NBS Cryogenic Metrology Section and will be  

delivered in January 1967. 

acquisition system will be tes ted.  

platinum resistance thermometer  measu re  and control c i rcu i t ,  the  

thermocouple switching c i rcu i t ,  e tc .  have been tes ted as individual 

sys tems.  

Upon receiving these units the en t i re  data 

All  major  sub-systems such as the 

The cryostat  wiring has  been completed.  The wiring 

involved the installation of twenty-two thermocouples,  four  platinum 

thermometers ,  and three  germanium the rmomete r s .  The twenty-two 

thermocouple wires  include the following mater ia l s :  

2) Chromel ,  3) Alumel, 4) constantan, 5) platinum, 6 )  'Inormal" s i l ve r ,  

7) si lver  28 a t .% gold, 8) gold 0 . 0 2  at .% i ron ,  9) gold 0 . 0 3  a t .% iron,  

and 10) gold 0.07 atyo i ron.  

tually, it  was very difficult t o  accomplish due to  the s t r a i n  f r e e  mounting 

and the rma l  anchoring requirements  of the thermocouple w i r e s .  

1) copper ,  

Although the wiring was s imple concep- 

c 

i 
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The calibrations f o r  the reference thermometers  

We have a l so  furnished the have been carefully checked and adjusted. 

reference thermometer  calibration adjustment f o r  the thermal  conduc- 

tivity of solids project.  

6 . 2 . 3  Summary 

The cryostat  wiring and associated instrumentation 

is essentially complete. 

should be completed ear ly  in January.  

The "warm" check out of the ent i re  sys tem 

The next s tep will be a s e r i e s  

of sys tem checks at L N  temperature .  Providing the L N  tests show 2 2 
no malfunction prel iminary data can be taken by the middle of January.  

It appears  that the information required by the the r -  

mal conductivity program will be available when needed. 
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